The associations between nitrogen metabolism and bone turnover during bed rest are still not completely understood. Methods: We measured nitrogen balance (nitrogen intake minus urinary nitrogen excretion) and biochemical metabolic markers of calcium and bone turnover in six males before head-down tilt bed rest (baseline), during 2, 10, and 14 weeks of immobilization, and after reambulation. Results: The changes in nitrogen balance were highest between baseline and week 2 (net change, ؊5.05 ؎ 1.30 g/day; 3.6 ؎ 0.6 g/day at baseline vs ؊1.45 ؎ 1.3 g/day at week 2; P <0.05). In parallel, serum intact osteocalcin (a marker of bone formation) was already reduced and renal calcium and phosphorus excretions were increased at week 2 (P <0.05). Fasting serum calcium and phosphorus values and renal excretion of N-telopeptide (a bone resorption marker) were enhanced at weeks 10 and 14 (P <0.05-0.001), whereas serum concentrations of parathyroid hormone, calcitriol, and type I collagen propeptide (a marker of bone collagen formation) were decreased at week 14 (P <0.05-0.01). Significant associations were present between changes of serum intact osteocalcin and 24-h calcium excretion (P <0.001), nitrogen balance and 24-h phosphorus excretion (P <0.001), nitrogen balance and renal N-telopeptide excretion (P <0.05), and between serum osteocalcin and nitrogen balance (P <0.025). Conclusions: Bone formation decreases rapidly during immobilization in parallel with a higher renal excretion of intestinally absorbed calcium. These changes appear in association with the onset of a negative nitrogen balance, but decreased bone collagen synthesis and
metabolism and in biomarkers of osteoblastic and osteoclastic activity during long-term bed rest.
Materials and Methods participants
Six Caucasian men, 25-42 years of age (mean, 30.3 Ϯ 3.2 years), 1.75-1.90 m in height (mean, 1.81 Ϯ 0.1 m) and 62-114 kg in weight (mean, 79.3 Ϯ 7.6 kg), gave their voluntary consent to participate in the study. Before enrollment, a thorough medical history was taken (questionnaire), and routine medical and laboratory analyses (e.g., electrocardiogram; x-ray of the thorax; blood pressure; gastroscopy; psychological examinations; hematologic indices; serum concentrations of creatinine, alanine aminotransferase, aspartate aminotransferase, and ␥-glutamyltransferase; urinary analyses of protein, glucose, bilirubin, leukocytes, and erythrocytes) were used to exclude chronic diseases. None of the participants was on medications known to influence calcium metabolism. Five of the six participants were smokers (Ͼ5 cigarettes/day). Physical activity (retrospective questionnaire) was high in two volunteers (Ͼ8 h/week) and moderate in three study participants (2-4 h/week). One participant had a sedentary life-style (0 h of physical activity/week). The study participants were fully informed of the purpose of the study and potential risks. All study procedures were in accordance with the Helsinki Declaration.
study protocol
Participants were admitted to a Metabolic Ward Unit at the Institute of Biomedical Problems, Moscow, Russia. The experiment was part of a comprehensive, international collaborative study, where specific examination periods were assigned to each study group. The study protocol was divided into three phases. In the ambulatory control period, the participants already lived in the research unit and baseline measurements were performed. The volunteers were then placed on head-down tilt [(HDT); Ϫ6°] bed rest for a period of 16 weeks from February to May (Fig. 1) .
During the bed rest, all activities, including showering, were performed either in HDT or horizontal position. The participants were allowed to raise themselves on one elbow for eating. After the bed rest period, the subjects remained in the metabolic unit for additional 4 weeks for post-bed-rest testing.
During the five examination periods on days 1-7 [before immobilization (BI)], days 56 -62 [immobilization week 2 (IW2)], days 111-117 (IW10), days 144 -153 (IW14), and days 186 -191 (after reambulation), participants received a specifically prepared diet providing 10 500 -11 400 kJ/day and 1000 mg (25 mmol) calcium/day. Calcium-rich foods were bought in Germany and analyzed by a German food chemistry laboratory (HermannKutscher-Kollach, Cologne, Germany). Foods were then analyses Biochemical analyses of serum hormone concentrations and of bone metabolism markers are listed in Table 1 . The CVs are in the range of published data (11, 12 ) . Blood and urine calcium and phosphorus concentrations were measured on a Hitachi automated analyzer by routine methods. CVs were below 3.8%. Plasma amino acids were quantified by reversed-phase HPLC after precolumn derivatization with o-phthaldialdehyde-3-mercaptopropionic acid (13, 14 ) and fluorescence detection. The urinary 3-methylhistidine concentrations were determined by reversed-phase HPLC after precolumn derivatization with dansyl chloride (15 ) and fluorescence detection. CVs of the amino acid analysis were 2-5%. Total urinary nitrogen was determined in 24-h urine pools by highly sensitive chemiluminescence (16 ) with an Antek automated nitrogen analyzer (Antek 7000V). The CV of this method was 2.8% within a series of analyses performed on 1 day using freshly prepared calibrators. Serum strontium was measured by means of graphite furnace atomic absorption spectrometry (HGA-600; Perkin Elmer). The within-and intra-day CVs were 4.8% and 3.9%, respectively. Bioimpedance analysis was performed using a single frequency 50-kHz, 800-A device (BIAMED). A tetrapolar electrode placement was used, with electrodes placed on the dorsal surfaces of the right hand and foot. ‫,ءء‬ P Ͻ0.01; ‫,ء‬ P Ͻ0.05; mean Ϯ SE. The other electrodes were placed at the distal metacarpals and metatarsals respectively, between the distal prominences of the radius and the ulna at the wrist, and the medial and lateral malleoli at the ankle. The CV of the method was 1.3%.
calculations
Total body fat was calculated by bioimpedance analysis according to the formula of Hodgon and Fitzgerald (17 ) . Muscle mass was determined on the basis of the bioimpedance analysis measurements by computer software developed by the manufacturer. The validity of this measurement has recently been verified by the 24-h renal creatinine excretion method (18 ) . Nitrogen balance was estimated by nitrogen intake minus urinary nitrogen and did not include fecal or integumental nitrogen losses. Urinary nitrogen was directly measured on days 3-5 of the investigation periods; in parallel, nitrogen intake was calculated from food logs (protein intake/6.25). Renal calcium, phosphorus, and NTx excretions were expressed in mmol/day, as the mean of the five examination periods. Fractional calcium absorption was assessed by the use of a stable strontium test as described previously (19 ) . Calculation of absorption rates was based on net serum strontium concentrations (change in strontium concentration, t 240 Ϫ t 0 ) and on distribution volume. Because of the findings of Finlay et al. (20 ) and Milsom et al. (21 ) , it was assumed that the extracellular distribution volume of strontium was 15% of body weight.
statistics
Statistical analysis was performed with the Statistical Package for the Social Science (SPSS Inc). The data were tested by use of univariate repeated-measure ANOVA, mean contrasts, and a Greenhouse-Geiser adjustment factor with significance set at P Ͻ0.05. The Student t-test for paired samples was used to evaluate the statistical significance of the differences. To assess interrelationships between variables, Pearson's bivariate correlation coefficient and the partial correlation coefficient were used. All statistical tests were two sided. P values Ͻ0.05 were considered significant, and P values between 0.05 and 0.10 were considered borderline significant. Data are presented as means Ϯ SE.
Results energy and nutrient intake, body weight, and body composition Energy, protein, calcium, and phosphorus intake did not differ during the examination periods (Tables 2 and 4) . Total body mass remained unchanged. Immobilization, however, led to a decrease in muscle mass (Ϫ3.5 kg at IW14) compared with the pre-bed-rest period. In parallel to the changes in muscle mass, a concomitant increase in fat mass was observed (3.3 kg at IW14; Fig. 2 ).
nitrogen metabolism
Nitrogen balance was lower at all occasions during bed rest compared with pre-bed-rest and reambuluation periods (Table 2) . Total plasma amino acids were enhanced at IW10 and IW14 and after reambulation compared with BI. The plasma concentrations of branched-chain amino acids (BCAAs) were increased at IW2 (Table 3) . Renal 3-methylhistidine excretion and circulating testosterone concentrations did not differ from baseline values during immobilization (Table 3) . However, a significant increase in serum testosterone concentrations was observed after reambulation compared with IW14 (Table 3) .
calcium, phosphorus, and bone metabolism Hypercalciuria (renal calcium excretion Ͼ7.5 mmol/day) was present at all occasions of immobilization, the extent of which being dependent on time of bed rest (Table 4 ). Significant increases in renal phosphorus excretion were observed at IW2, the values being ϳ110% above the pre-bed-rest concentrations. Enhanced serum calcium and phosphorus values were observed at IW10 and IW14.
Intact parathyroid hormone (PTH) and calcitriol were diminished 42% and 22%, respectively, at the end of immobilization. Fractional calcium/strontium absorption was reduced 18% at IW10 in comparison with BI. Serum 25-hydroxyvitamin D (25-OHD) concentrations were kept constant at the lower limit of the reference interval (reference interval, 25-150 nmol/L). Serum intact PTH, calcitriol, 25-OHD, and fractional calcium/strontium absorption markedly increased after remobilization to concentrations above pre-bed-rest values. Intact osteocalcin was already reduced at IW2 and remained low during the entire period of immobilization. PICP was decreased at IW14, whereas BAP did not change during immobilization, but increased after remobilization. NTx was enhanced at IW10 and IW14 and returned to pre-bed-rest values after reambulation.
relationship between variables
In Table 5 , correlation coefficients among the biochemical markers assessed are summarized; significant associations were observed between renal calcium and phosphorus excretion, between intact osteocalcin and 24-h urinary calcium excretion, between nitrogen balance and serum concentrations of BCCAs, between nitrogen balance and 24-h urinary phosphorus excretion, and between nitrogen balance and renal NTx excretion. A borderline significance (P ϭ 0.060) was present between nitrogen balance and 24-h calcium excretion. Moreover, serum intact osteocalcin was associated with nitrogen balance (r ϭ 0.480; P Ͻ0.025) after we adjusted for renal phosphorus and calcium excretion.
Discussion
This study describes the time-dependent changes in nitrogen, calcium, and bone metabolism during long-term immobilization.
Within the first 2 weeks of HDT bed rest, a rapid loss of body nitrogen followed the reduced mechanical stress of the musculoskeletal system (Table 3) . Although fluid shifts might have influenced bioimpedance measurements under HDT conditions, data indicate that changes in nitrogen balance are accompanied by a loss of muscle mass (Fig. 2) . Our results are in agreement with a previous study that used 17 weeks of horizontal bed rest, which indicated a decrease in lean body (muscle) mass of 3.9 kg (SD, 2.1 kg) (5 ) . Our data suggest a more pronounced loss of nitrogen in the first weeks of bed rest compared with IW10 and IW14 (Table 3) , thereby confirming previous results of a rapid change in muscle mass and muscle strength within 4 -6 weeks of bed rest (22 ) . The unchanged renal excretion of 3-methylhistidine during bed rest (Table 2) can be interpreted that HDT immobilization does not induce a higher muscle protein breakdown. Consequently, the loss of muscle mass must be dependent on decreased endogenous synthesis. This interpretation is verified by studies with 15 N-labeled amino acids in study participants who had 14 days of HDT bed (23 ) . Furthermore, the increase in plasma concentrations of BCAAs at IW2 (Table 3 ) support our hypothesis of a decreased muscle protein synthesis. The skeletal muscle contains 70% of the BCAAs (24 ) , and although plasma concentrations of amino acids are not an indicator for the intracellular concentration, it can be assumed that diminished utilization of and/or release from skeletal muscle during immobilization might have influenced plasma BCAA concentrations. It can be ruled out that the loss of muscle mass and body nitrogen is the result of inadequate energy or protein intake. Both caloric and protein intake were above actual recommendations (25 ). Moreover, the maintenance of body mass (Table 2 ) supports the assumption that caloric intake was adequate during bed rest.
For the first time, an early decrease in serum intact osteocalcin in association with a markedly decreased nitrogen balance could already be observed after 2 weeks of bed rest (Tables 4 and 5 ), indicating a reduction of bone formation processes. Others have found no change or even an increase in serum osteocalcin concentrations during immobilization (7, 26, 27 ) . Possible explanations for these inconsistent results are different timing of sample collection (28 ) , the use of different assays (29 ) , and the lack of sample batching. Our data of an early decrease in serum intact osteocalcin may be indicators of suppressed bone mineralization. In vitro studies indicate increased osteocalcin expression of osteoblast synthesis during the phase of bone matrix mineralization (30 ) . Human iliac crest histomorphometric studies have demonstrated a significant reduction in the mineral apposition rate within 1 week of HDT bed rest (31 ) . Moreover, animal studies confirm that matrix mineralization is already disturbed after 1 week of mechanical unloading (32 ) , most likely because of reduced gene expression for osteocalcin synthesis (33 ) . A substantial reduction of serum intact osteocalcin concentrations has also been observed in patients suffering from acute anorexia nervosa (34 ), a situation that is known to lead to reduced fat-free mass and muscle mass (35 ) . Muscle loss and a disturbed synthesis of intact osteocalcin may both be caused by a decreased activity of specific cytokines such as insulin-like growth factor-I (IGF-I) (36, 37 ) . Immobilization leads to target cell resistance to IGF-I (38 ), whereas anorexia nervosa is associated with reduced circulating IGF-I concentrations (39 ) .
The increase in renal calcium excretion had already occurred during early immobilization, when both the fractional calcium absorption rate and bone resorption processes were still unaffected by immobilization (Table  4) . Consequently, the increased renal calcium excretion must be the result of decreased retention of intestinally absorbed calcium. The early increase in renal calcium excretion obviously follows suppression of bone-formation processes, as indicated by the negative correlation between serum intact osteocalcin and 24-h renal calcium excretion (Table 5) . Moreover, the associations among nitrogen balance, intact osteocalcin, and 24-h renal calcium excretion (Results and Table 5 ) further strengthen the assumption that the changes in calcium and bone metabolism are induced by a loss of muscle protein.
After a time lag of several weeks, higher fasting serum calcium and phosphorus concentrations were observed, suggesting an enhanced release of calcium and phosphorus from endogenous body stores (Table 4) . Other investigators have observed an increase in ionized but not in total serum calcium already after 7 days of HDT bed rest (31 ) . Obviously, longer immobilization is necessary to induce a more pronounced change in fasting serum calcium and, thus, in bone-derived calcium. In agreement with this assumption is a significant increase in NTx, a sensitive marker of osteoclastic activity (9 ) and a predictor of osteoporotic fracture risk (40 ) , occurred at first during IW10 and IW14. The NTx concentrations during these time periods were ϳ69% higher compared with BI, whereas a minimal increase of only 26% was present during IW2 (Table 3) . Our data support previous results of a 20% increase in renal NTx after 1-2 weeks bed rest (41 ) .
PICP is released into the circulation from the precursor procollagen in stoichiometric amounts (42 ) , and serum PICP concentrations are associated with histomorphometric indices of bone formation (43 ) . Thus, both the enhanced NTx concentrations and the reduced serum PICP concentrations at IW14 (Table 4) indicate an uncoupling of bone-collagen synthesis and breakdown after long-term bed rest. These alterations thus occur in addition to the reduced serum concentrations of intact osteocalcin ( Table  4 ). The combined results strongly indicate that the changes in bone turnover are modest during the first weeks of immobilization and more pronounced during long-term immobilization. Our data are in agreement with the observation that after 6 weeks of bed rest, only trends toward a decrease in total-body bone mineral density, as well as decreases in the lumbar spine, trunk, and legs have been found (7 ), whereas substantial decreases in total-body, lumbar spine, femoral neck, trochanter, tibia, and calcaneus bone mineral densities were present after 17 weeks of immobilization (6 ) . The time lag of the initiation of bone resorption processes during strict bed rest (Table 4) is in contrast to the rapid occurrence of a negative nitrogen balance and of enhanced plasma BCAA (Table 3) . However, our data confirm clinical studies using densitometric measurements. These former investigations have demonstrated that bone loss is relatively small during the first 2 months of muscle loss and that bone loss continues even when a new steady state of fat-free mass has already been achieved (44 ) .
During remobilization, the increase in circulating testosterone may have contributed at least in part to an increase in muscle protein synthesis (45, 46 ) and, thus, to the positive nitrogen balance ( Table 3 ). The increase in calciotropic hormones and in the calcium/strontium absorption rate during reambulation were more rapid and more pronounced than the decrease of these markers during long-term bed rest (Table 4 ). The increase in serum 25-OHD, together with the enhanced PTH, may induce an increase in renal calcitriol production and in intestinal calcium absorption (47 ) . Moreover, testosterone can lead to an increase in serum PTH and a decrease of serum calcium (46 ) . Fasting serum concentrations of bone formation markers and 24-h renal NTx excretion also showed a rapid normalization (Table 4) . However, with the exception of an increase in serum BAP, indices did not differ from pre-bed-rest values. Thus, it is feasible that no distinct regain in bone mass does occur during reambulation, a suggestion that is in agreement with substantial decrements in bone mineral density of the lumbar spine, femoral neck, and calcaneus observed in able-bodied men after bed rest (22 ) . In that study, bone loss was not fully reversed after 6 month of normal weight-bearing activity (22 ) .
In summary, this study provides new information about the time-dependent alterations in nitrogen and bone turnover during long-term bed rest. Data indicate an early onset of an excessively negative nitrogen balance in parallel with a decrease in specific bone-formation processes. However, there is a lag time of several weeks until the onset of pronounced bone-resorption processes. Consequently, rapid mobilization after bed rest should is mandatory to minimize the onset of excessive bone loss.
